The price of European Union Allowances (EUAs) has been declining at far lower levels than expected during Phase I (2005Phase I ( -2007. Previous literature identifies among its main explanations over-allocation concerns, early abatement efforts in 2005 and possibly decreasing abatement costs in 2006. We advocate low allowance prices may also be explained by banking restrictions between 2007 and 2008 which undermine the ability of the EU ETS to provide an efficient price signal. Based on a Hotelling-type analysis, our results suggest EUA prices do not reflect adequately abatement costs. We also give evidence that the French ban on banking and the expected allowance scarcity at the end of Phase I computed by the Ellerman-Parsons ratio contribute to the explanation of low EUA prices. This situation may be interpreted as a sacrifice of the temporal flexibility offered to industrials in Phase I to give a chance to correct design inefficiencies and achieve an efficient price pattern leading to effective abatement efforts in Phase II.
Each year, when abatement together with endowment of allowances are above emissions levels, regulated agents may bank surplus allowances for potential later use. Conversely, if regulated agents do not abate enough to cover their emissions level with their actual endowment, they may borrow allowances from future allocations. A fundamental statement on emissions trading is that allowance trading is efficient over time only if banking and borrowing are authorized (Rubin (1996) , Schennach (2000) ). With such provisions, market prices reflect opportunity costs leading to an efficient choice of abatement measures (Schleich et al. (2006) ). The most prominent example of the key role of such provisions is the US Acid Rain Program where banking has been a major feature in the success 1 of this emissions trading scheme (Ellerman et al. (2000) , Ellerman & Montero (2007) ). None empirical analysis on the impact of the intra-period banking coupled with a ban on inter-period banking on EUA prices has yet been realised. In a game simulation, Ehrhart et al. (2005) found that a ban on banking leads to an inefficient adjustment with first an under-investment in abatement technologies and a low allowance price during [2005] [2006] [2007] ; and second a more stringent cap with a price peak and over investment in emission reduction during 2008-2009. Among the main explanations of low allowance prices towards the end of Phase I, the previous literature identifies over-allocation concerns, early abatement efforts in 2005 due to high allowance prices, and possibly decreasing abatement costs in 2006 due to abnormal temperatures and switching from coal-to gas-fired electricity in a context of falling natural gas prices com-1 Introduction 3 pared to coal (Buchner & Ellerman (2007) , Mansanet-Bataller et al. (2007) ). Therefore, a thorough analysis of banking and borrowing provisions is missing and it appears necessary to disentangle those effects on allowance prices which develop differently in the following two cases. If inter-period banking is allowed, it is reasonable to expect that allowance price changes do not exceed Hotelling's rule, rising at the market rate of interest 2 . If inter-period banking is restricted, lower Phase I prices and higher Phase II prices are expected. The former result is due to the validity of allowances which is shorter than the time horizon required by investors. The latter is due to increased allowance scarcity compared to full inter-period banking. Within 2005 Within -2007 , participants are expected to use unrestricted banking and borrowing. Based on this assumption, we test in an empirical approach whether the allowance price pattern is consistent with a competitive equilibrium in the intertemporal market when banking and borrowing provisions are allowed. Schennach (2000) 's theoretical model of the intertemporal allowance market applied by Helfand et al. (2006) to the US SO 2 market guides our Hotelling-type analysis. The impact of the late restriction on inter-period banking is evaluated through dummy variables representing official communications between France, Poland and the European Commission (EC). The probability of allowance shortage at the end of Phase I computed by Ellerman & Parsons (2006) ratio (EPR) 3 is used to characterize how the allowance price reacts to the environmental policy constraint during Phase I. Compared to the literature on efficient banking in the US SO 2 Program, our results show the inter-period banking restriction undermines the ability of the EU ETS to provide an efficient price signal. Phase I allowances do not appear to reflect adequately abatement costs. Following the disclosure 2 Background 4 of 2005 verified emissions on April, 2006 we provide a sharper explanation of low EUA prices with both the EPR ratio and French official communications related to the ban on banking being significant. These results are robust to the introduction of energy market shocks and weather conditions previously identified as being the main determinants of EUA prices.
The paper is organized as follows. Section 2 provides an assessment of the banking and borrowing provisions in the EU ETS. Section 3 tests the effects of banking restrictions on allowance prices and presents the results.
Background
This section reviews the environmental and economic effects of banking and borrowing, the motives that led Member States to ban banking and borrowing between 2007 and 2008, and the allowance price development along with its charateristic structural break on April, 2006.
Environmental and economic effects of banking
In terms of environmental effects, allowance banking and borrowing may change the temporal path of emissions and aggregate emissions. While banking reduces social damages in presence of a convex damage function coming from emissions and stricter future standards (Kling & Rubin (1997) ), unrestricted borrowing may have negative consequences with a concentration of emissions on early periods by delaying abatement decisions 4 . To correct these unwanted allowance paths, the regulator may introduce a non unitary Intertemporal Trading Ratio (ITR) 5 including interests on banking and dis-4 There may also be a risk of building a bank of borrowed allowances too large by the end of the period. This hypothesis, suggested by Grubb & Neuhoff (2006) , would imply an additional constraint during the negotiation phase of the post-2012 period of the EU ETS if the amount of borrowed allowances accumulated by industrials, and that could legally be transferred to the next period, appears unsustainably large.
5 Kling & Rubin (1997) suggest the implementation of a discount rate equal to the industry average rate of interest used to finance medium term capital expenditures. For greenhouse gases, the optimal rate of intertemporal substitution has been suggested by Leiby & Rubin (2001) as being "the ratio of current marginal stock damages to the discounted future value of marginal stock damages less the decay rate of emissions in the 2.2 Reasons to ban banking between 2007 and 2008 5 couraging borrowing : if firms borrow a lot of allowances in early periods, they will reimburse more allowances than actually used in the next period. Furthermore, banking provisions could affect the rate of non-compliance and the resulting excess emissions 6 .
In terms of economic effects, the theoretical literature suggests allowance banking and borrowing may improve economic efficiency under specific assumptions 7 . First, banking links future allowance prices to the spot price as stated by Maeda (2004) . Second, banking and borrowing improve price stability (Ellerman & Montero (2002) ). If inter-period banking is not allowed, allowance prices are likely to be unstable at the end of each compliance period. In case of surplus, allowances are worthless and their price should fall to zero. In case of excess emissions, the allowance price should rise sharply at the end of the period. Third, banking and borrowing improve liquidity in the allowance market by increasing the quantity of allowances available to the market 8 and the volume of allowances traded (Godby et al. (2000) ).
Following this review of the various effects of banking and borrowing that need to be accounted for when tailoring environmental regulation, we expose in the next section the motivation of MS leading to the inter-period ban on banking.
Reasons to ban banking between 2007 and 2008
MS decided to prohibit the transfer of unused allowances from the EU ETS Phase I (2005) (2006) (2007) into the Kyoto Protocol (KP) first commitment period (2008) (2009) (2010) (2011) (2012) . Therefore, installations covered by the EU ETS may not use atmosphere", increased by the difference between the discount rates of firms and the social planner.
6 Cason & Gangadharan (2004) find that banking increases non-compliance and total emissions in experiments with weak enforcement. Borrowing provisions could increase the rate of compliance in current period, but that would only shift excess emissions to the next period. (2007)). The EU ETS is sending two price signals responding to different dynamics. As the 2006 compliance confirmed the allowance market is long 13 , Phase I allowance prices have been declining towards zero, whereas Phase II allowance prices have been increasing to levels up to 20 = C primarily due to institutional factors disclosed by the EC which has reaffirmed its will to enforce tighter targets in Phase II.
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As displayed in Figure 1 , the dataset is divided into two sub-periods due to the presence of one structural break following the simultaneous releases of 2005 verified emissions by the Walloon Region of Belgium, France and Spain which serve as a proxy for the adjustment of agents' expectations. Using the method developed by Lee & Strazicich (2001) and Lee & Strazicich (2003) 14 that endogenously looks for structural breaks while testing for the existence of a unit root, we identify April 20, 2006 as a breakpoint in our dataset and exclude extreme price changes from our regressions. Two subperiods need to be considered : the "before the compliance break" period from 2005/07/01 to 2006/04/20 and the "after the compliance break" period from 2006/06/22 to 2007/05/31. This endogenous structural break may be associated to institutional features of the EU ETS during Phase I. As 54% of the EUA spot price adjustment was made within four days 15 starting on April 24, 2006 this break eliminates prior uncertain information and reveals agents' net short/long positions. As expressed before, the main explanations of low EUA prices toward zero the end of Phase I include over-allocation concerns, the possibility early abatement and the influence of climatic and energy variables (Buchner & Ellerman (2007) , Mansanet-Bataller et al. (2007) ) The model estimated in the next section evaluates the specific role played by banking and borrowing provisions that may contribute to a sharper explanation of low allowance price levels.
Analysis
In this section, we describe first the theoretical framework from which we derive our estimation strategy. Second, we explicit our econometric specification. Third, we present the data sources. Fourth, we interpret the results.
14 In this method, data themselves suggest the possible timing of structural breaks. Their GAUSS code may be found at http://www.cba.ua.edu/ jlee/gauss/ls.txt.
15 See Buchner & Ellerman (2007) .
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Rationale behind a Hotelling-type analysis
The model we estimate is based on two strands of literature developped by Schennach (2000) and Slade & Thille (1997) which were first applied to the US SO 2 market by Helfand et al. (2006) . First, Schennach (2000) studies the banking behavior of regulated industrials in the US Acid Rain Program and implicitly the behavior of spot prices in a stochastic, continous-time, infinite horizon model for allowance allocation, use and storage. Under certainty, the model predicts that the price path would increase smoothly at the rate of interest according to the Hotelling rule. Under uncertainty, the model features risk-neutral agents minimizing their abatement costs under a banking constraint and with a discount rate specific to risky assets in the spirit of the capital asset pricing model (CAPM). The solution to this problem is a continuous time version of Pindyck (1993) 's model of rational commodity pricing:
with E t the expectation value given the information available at time t, p t+1 the commodity price at time t + 1, r the risk free interest rate, ρ the risk premium specific to holding allowances as an asset in a diversified portfolio of investments, µ = r + ρ , and ψ t a convenience yield 16 . Eq. (1) therefore represents the basic relationship we want to test. Second, assuming an allowance may be considered as an exhaustible resource 17 , Slade & Thille (1997) provide an analogous theoretical framework by maximizing the expected present value of a risk adjusted profit with re-16 According to Ellerman et al. (2000) , agents may benefit from holding a stock of allowances on hand to buffer itself against unexpected changes in emissions, which is called a convenience yield.
17 According to Liski & Montero (2006) , the following differences may be highlighted. First, on a permits market with banking, the market may remain after the exhaustion of the bank; while the market of a non-renewable resource vanishes after the last unit extracted. Second, permits extraction and storage costs are equal to zero; while those costs are generally positive for a non-renewable resource. Third, the demand for an extra permit usually comes from a derived demand of other firms that also hold permits; while the demand for an extra unit of a non-renewable resource comes more often from a derived demand of another actor (e.g., a consumer).
spect to the state of the resource bank 18 and a random productivity shock.
At the equilibrium, the evolution of the allowance price p t follows a Hotelling-CAPM relationship between the risk-free interest rate, the investment rate of return in a diversified portfolio and the risk premium specific to the asset similar to eq. (1). As developed in Helfand et al. (2006) , we rearrange eq.
(1) to isolate first-difference prices on the left-hand side:
Rewriting
, which is standard practice for CAPM, yields:
where r f t is the risk-free rate, r m t is the rate of return on the market portfolio, σ am is the covariance between the rate of return of EUA prices and r Since the expected value of p t+1 is known only with errors at time t, we substitute E t p t+1 by p t+1 + t+1 :
(r imum and maximum price changes. In eq. (5), the null hypothesis β 1 = 1 tests the Hotelling rule and β 2 provides information on the CAPM risk premium for CO 2 allowances which is the difference between the expected return on allowances and the return of the risk-free asset.
Environmental policy constraint
The EC defined the environmental policy constraint by validating each NAP before the launch of the EU ETS on January 1, 2005 even if some NAPs were validated after the beginning of the scheme. During 2006-2007, MS are currently negociating their NAP for Phase II.
As noted previously, France and Poland initially decided to authorize industrials to transfer allowances to Phase II. Governments changed this option during NAPs II negotiations until the EC final decision on March 26, 2007 that validated the ban on banking. To capture these effects, we introduce two dummy variables, banf r for France and banpl for Poland, that correspond to official communications between MS and the EC leading to the restriction on banking as summarized in Table 1 .
Without banking and borrowing provisions between Phase I and II, Ellerman & Parsons (2006) stated "it is virtually certain that the EU ETS will then be either long or short; the likelihood of a perfect match between first period EUAs and emissions are extremely small. This binary outcome places a limit on first period prices that, when coupled with the constraint on interperiod banking, allows a probability of shortage to be calculated taking into account all the uncertainties weather, economic growth, energy prices, and the abatement response to carbon prices". In this perspective, the probability of scarcity expected by market participants at any point in time is defined as the ratio between Phase I future price series of delivery December, 2007 and Phase II future price series of delivery December, 2008 plus 40 = C which represents the penalty 19 : Therefore, the higher the expected allowance scarcity, the higher EUA prices. As shown in Figure 2 , the expected allowance scarcity is largely reflected in allowance price changes.
Introducing the banf r, banpl and epr variables relative to the environmental policy constraint, eq. (5) becomes:
with epr the probability of EUA allowance shortage at the end of Phase I, banf r and banpl the dummy variables related to the ban of banking by France and Poland. Eq. (6) constitues the general form of the model we estimate on the full period and corresponding two sub-periods. 
Energy market shocks
To avoid model misspecification, we introduce Brent prices, Natural gas prices and weather conditions that were identified as being the main determinants of EUA prices by Mansanet-Bataller et al. (2007) . This final step also serves as robustness check of the results obtained in eq. (6) which becomes: p t+1 − p t =α + β 1 r f t p t + β 2 (r m t − r f t ) p t + β 3 p t min + β 4 p t max + β 5 epr + β 6 banf r + β 7 banpl + β 8 brent + β 9 ngas + β 10 temp + t+1 (7) with brent the Brent price series, ngas the Natural gas price series 20 and temp an European temperature index defined below. 
CAPM rates of return
The risk-free rate of return (r f t ) is the 3-months Euribor presented as annual percentages with daily data frequency. The rate of return on the market portfolio of risky assets (r m t ) is the Dow Jones EURO STOXX 50 Index annual return with a daily data frequency. We convert each daily observation to a daily interest rate. Thus, r 
Energy prices
On energy markets, the Brent price (brent in US $ per baril) is the daily brent crude futures price negotiated on the Intercontinental Exchange (ICE), the European leader on futures energy exchange. The Natural gas price (ngas in = C per Mwh) is the daily natural gas price negotiated on Zeebrugge Hub. The euro-dollar exchange rate provided by the European Central Bank is used
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to ensure all variables are transformed to the same currency. Descriptive statistics for energy variables are presented in Table 5 (see the Appendix).
Temperatures
Concerning climate conditions, the daily data of the European temperature index published by Tendances Carbone 22 is used. It is equal to the average of national temperature Powernext weather indices (in • C) weighted by the share of each NAP in the total of four countries. These national indices are the mean temperature for Spain, France, Germany and United Kingdom, calculated as the average of the temperatures at the representative regional weather station weighted by the regional population.
Stationarity tests
Because econometric results may be unreliable if the dependent variable is non-stationary, we first need to test the stationarity of all price series and their first-difference. One possible complication of unit root tests for stationarity is that the presence of structural changes during the time series may make rejection of a unit root more difficult (Perron (1989) ). We performed usual unit root tests (ADF, PP, KPSS) and found that all price series are characterized by a unit root. When tests are applied on series in first differences, they are found to be stationary. In other words, all prices series are integrated of order 1 (I(1)) 23 .
Results and discussion
Results of equations (6) and (7) for the full period and the two sub-periods are presented in 
Full sample
Regression results for the full sample are given in Table 2 . The significance of r f t p t in row (1) is not a primary concern, since it tests the restriction β 1 = 0. For the validation of the Hotelling rule, we are rather interested in the null hypothesis β 1 = 1. Thus, we calculate the confidence interval where the true value of the β parameter has a 95% probability to be according to the formula: CI = [β ± 2.11 * Std.error]. These calculations 25 lead us to reject the Hotelling rule in full period. The interpretation is that with the inter-period banking restriction the EU ETS does not achieve a competitive equilibrium that would minimize compliance costs through the use of temporal flexibility mechanisms. Several other inferences may be made from the Hotelling-CAPM model. The lack of significancy of the β 2 coefficient suggests CO 2 allowances do not bear a risk-premium as part of a diversified commodities portfolio. Both ptmin and ptmax dummy variables are signifi- cant respectively at 1% and 5% in row (1) which improves the quality of this regression. What concerns environmental policy indicators, the banf r variable is significant at 5% in row (1). Its positive sign suggests the French restriction on banking between Phase I and II contributes to the decline of EUA price changes toward zero until the end of Phase I. The banpl variable is not significant. The EPR ratio is positive and significant in row (1) at 1%. Allowance price changes therefore react to the EPR ratio with the expected sign, i.e. the higher (lower) the expected allowance scarcity the higher (lower) the allowance price.
Coefficient estimates are robust to the introduction of energy market shocks. Results for banf r and epr in row (2) are consistent with those in row (1). ngas and ngas(−1) affect positively EUA price changes at 5%, which is in line with previous literature on EUA price determinants (MansanetBataller et al. (2007) ). The fact that temp is not significant suggests abnormal climatic events with respect to seasonal average should be used instead of the European temperature index here.
"Before the compliance break"
Regression results for the sub-period "before the compliance break" are given in Table 3 . Similarly to the full period, calculations of the confidence intervals lead to the rejection of the Hotelling rule. At this point in time, the only environmental policy indicator is the epr variable, which is not significant in row (3). This result suggests agents were not trading allowances based on the expected allowance scarcity. Despite the introduction of ngas and ngas(−1) at 1% significance with the expected sign, the epr variable remains non significant in row (4).
While allowance price changes seemed to react to other energy market shocks, it appears more difficult to ascertain the effects of the banking restriction before the compliance break for two main reasons. First, discussions on the banking provisions were still under way between France, Poland and the EC. Second, market participants had incomplete information about the 
"After the compliance break"
Regression results for the sub-period "after the compliance break" are given in Table 4 . Calculations of the confidence intervals also yield to the rejection of the Hotelling rule. The banf r variable is positive and significant at 1% in row (5) which, similarly to the full sample, suggests the French ban on banking contributes to the explanation of low EUA prices until the end of Phase I. The EPR ratio becomes significant again at 5% and positive in row (5) suggesting market participants pay more attention to the expected allowance scarcity revised after the 2005 compliance. Those results are stable in row (6). The introduction of the brent variable at 5% significance is similar in sign to previous literature (Mansanet-Bataller et al. (2007)).
Discussion

On the failure of the Hotelling rule
The failure of the Hotelling rule during Phase I of the EU ETS is not worrying in itself. Recent empirical applications state even if it fails such analysis still brings a better understanding of the intertemporal scheduling of the resource use overtime (Heal (2007) ). In the context of the EU ETS, the rejection of the Hotelling rule implies EUA prices do not adequately reflect abatement costs at the installation level during [2005] [2006] [2007] . Indeed, Helfand et al. (2006) who also reject the Hotelling rule for the SO 2 allowance price pattern state "under the first fundamental theorem of welfare economics, evidence of competitive equilibrium would imply dynamic efficiency. In this case, dynamic efficiency involves minimizing present-value cost of compliance with the intertemporal emission regulation". As noted previously, the efficiency of allowance trading is linked to the authorization of flexibility instruments where agents may trade allowances not only spatially but also through time, such as full banking and restricted borrowing (Schennach (2000) , Kling & Rubin (1997) ). With- out such provisions, market prices do not reflect opportunity costs leading to an efficient choice of abatement measures (Schleich et al. (2006) ). Kronenberg (2006) provides other reasons to justify this failure, for instance by paying attention to the fact that allowances are characterized by a costless extraction or by focusing on strategic interactions between firms 26 .
On institutional learning
Our results suggest an increasing influence of the environmental policy constraint on EUA price changes. This evidence may be approximated first by the significance of the EPR ratio. Before the price adjustment on April, 2006 allowance trading may be characterized as uncertain with heterogeneous expectations related to the EUA price pattern and only the release of 2005 verified emissions gave industrials a hint about their net short/long positions. After the compliance break, market participants form their anticipations more accurately in a context of a low environmental policy constraint coupled to a ban on inter-period banking which explains why the EPR ratio becomes significant again. Second, we may deduce from official communications between France and the EC that the French ban on banking significantly affected allowance price changes and contribute to a sharper explanation of low allowance prices. As EUA price changes are statistically and significantly affected by institutional events such as the April, 2006 structural break, the French ban on banking and the EPR indicator of a low allowance scarcity, a main finding of our tests lies in the evidence of institutional learning within Phase I.
On the influence of energy markets
As stated by Mansanet-Bataller et al. (2007) , EUA prices are affected by Brent and Natural gas market shocks. However, the temp variable is not significant. Our point is to show the influence of environmental policy indicators is robust to the introduction of energy market shocks: signs and coefficient
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estimates for the banf r dummy and the epr ratio remain significant in full period (row 3) and after the break (row 6).
Conclusion
This analysis estimates the impact of banking restrictions on EUA prices. )). Our work demonstrates banking and borrowing provisions adopted during Phase I and II may also contribute to the explanation of low EUA prices. First, with unrestricted banking within Phase I, we give evidence that allowance prices do not reflect adequately abatement costs leading to abatement efforts based on a Hotelling-type analysis (Schennach (2000) , Slade & Thille (1997) , Helfand et al. (2006) ). With regard to high allowance prices until the compliance break, early abatement occurred in the EU ETS to meet the cap requirements. After the 2005 compliance and the correction of the expectation error concerning the amount of abatement required to comply with the cap, the restriction on inter-period banking limited additional abatement 27 .
Second, with restricted banking between Phase I and II, we estimate the effects of two environmental policy indicators related to banking provisions on EUA prices. The Ellerman & Parsons ratio is used to measure the probability of allowance shortage at the end of Phase I expected by market participants. French official communications to the European Commission concerning banning banking between 2007 and 2008 in its NAP II are used as a dummy variable. Before the compliance break, EUA prices are not affected by the expected allowance scarcity at the end of 2007. After the compliance break, market participants form their anticipations more accurately in a context of a low environmental policy constraint and the impossibility to transfer allowances from Phase I to Phase II. Both indicators become significant in explaining the low EUA price pattern, as for the full period sample. These results are robust to the introduction of energy market shocks.
Considering Phase I as a learning period, these results give insight into the possible sacrifice of the banking instrument to limit the transfer of design inefficiencies in Phase II. Finally, for Member States to take advantage of the banking provision in longer-term mitigation plans, the publication of the net amount of allowances either banked or borrowed at the end of each compliance period by the European Commission may be of precious use.
